N
atural killer (NK) cells are a subset of lymphocytes with the defining feature of being able to kill target cells and produce cytokines without the need for prior sensitization. Pathologic targets include virus-infected cells and cells undergoing malignant transformation. In the effector response, the ability of NK cells to discriminate normal from pathologic self-tissues is largely explained by the inhibitory function of NK cell surface receptors that recognize and bind specific MHC class I molecules on potential targets (1, 2) . In many pathologic conditions, MHC class I molecules are down-modulated, releasing NK cells from the inhibitory receptor effect and permitting the action of activation receptors that recognize target cells. In humans, the killer Ig-like receptors (KIRs) are such inhibitory receptors (3) . Their genes are clustered on chromosome 19q; display extensive polymorphism, at both the haplotype and individual gene allele levels; and are typically expressed in a stochastic manner (4, 5) . Moreover, an individual NK cell may simultaneously express multiple different receptors, each of which may have different ligand specificities. The KIR ligands are specific HLA molecules encoded by genes on chromosome 6 and are even more genetically diverse. Therefore, the genes for KIR and their cognate HLA ligands display extensive polymorphism and segregate independently, and NK cells display a diversity of receptors.
There is significant heterogeneity between individuals with respect to the NK cell response to pathogens and tumor targets (6, 7) . The response of individual NK cells likely contribute to overall NK cell potency that in turn may contribute to individual variation in host immune response to infections and malignancy. Although potentially a large number of determinants may be responsible for the spectrum of NK cell potency, none has been clearly identified.
Recently, epidemiological studies have associated specific KIR and HLA genotypes with certain disease processes, such as clearance of infections (8) . Counterintuitive to the known inhibitory role of KIR at the effector level, the best associations surprisingly indicate improved outcomes from infections in individuals with the pairing of genes for specific inhibitory KIR and their cognate HLA ligands. For example, coinheritance of inhibitory KIR2DL3 and its cognate ligand HLA-C Asn-80 is associated with increased clearance of hepatitis C virus (9) . Protection from progression of cervical carcinoma in situ to invasive carcinoma, a disease caused by human papilloma virus, is also correlated with the genotype for KIR3DL1 in combination with that of its ligand HLA-Bw4 or the genotype of KIR2DL1 with its HLA-C Lys-80 ligand (10) . Furthermore, the combined genotype of KIR3DL1 and its ligand HLA-Bw4 was found to have a strong association with slower progression to AIDS in HIV infection (11, 12) . However, epidemiological studies had previously implicated the related activating isoforms of KIRs, such as KIR2DS1, with HLA-B alleles in protection from HIV (13) . Although the known interaction between KIR and HLA molecules has thus implicated a role for NK cells in these diseases, it has been challenging to provide a mechanistic explanation for these correlations. Moreover, the presence of both the genes for an inhibitory receptor and its ligand is ironically associated with protection in many studies (14) .
In addition to their inhibitory function at the effector level, another critical role for these MHC-specific inhibitory receptors was recently described (15) , a process that we have termed licensing. We showed that the ability to activate murine NK cells depends on the interaction between these receptor(s) and their cognate MHC class I ligand(s), expressed as a self-MHC molecule. The licensing effect is manifested with both target cellmediated and target cell-free stimuli when the self-MHC-specific inhibitory receptor is not engaged. A recent study of selected donors showed a relatively enhanced activity of KIR2DL1 ϩ and KIR2DL2/3 ϩ human NK cells in the presence of their respective HLA-C ligands, suggesting that the licensing process may also be relevant for human NK cells (16) . Both studies suggest that there are two distinct classes of NK cells within a given mouse or human subject: a functionally competent (licensed) class that expresses receptors recognizing self-MHC class I molecules and another functionally incompetent (unlicensed) class that does not (17, 18) . We also previously observed that subsets of NK cells, expressing the same MHC-recognizing receptors, show clear differences in responsiveness when compared between mice with different MHC class I but otherwise identical genetic backgrounds (15) . However, interindividual variation between different human donors has not been previously addressed but is necessary because of the profound genetic variation between humans. Thus, it is possible that licensing effects may contribute to the heterogeneity of overall NK cell potency between different individuals, even in humans, which may affect disease susceptibility and outcome.
Herein, we addressed whether HLA and KIR genotypes, as a single set of genetic variables, can influence differences in NK cell functional responses among normal unrelated individuals. For the examined combination of a KIR and its HLA ligand, we find enhanced ability of NK cells to be triggered, consistent with human NK cell licensing. We propose that these findings may be extrapolated to the broader universe of HLA-specific receptors and their cognate ligands, thus providing a basis for differences in overall NK cell potency in individuals and a potential explanation for the epidemiological association of KIR-HLA combinations with resolution from viral infections.
Results
We chose to focus our study on the KIR3DL1 subset of NK cells because KIR3DL1 has been widely studied and has important associations with disease in many correlative clinical studies (8) . Moreover, there is a specific antibody for the KIR3DL1 receptor that can distinguish the inhibitory KIR3DL1 isoform from the activating KIR3DS1 isoform (19, 20) . Furthermore, there is a well established specificity of this receptor for HLA-B molecules belonging to the Bw4 group, whereas those of the other epitope group, Bw6, are poorly recognized by this receptor (21, 22) . These two public epitopes comprise all HLA-B alleles and are mutually exclusive. Finally, KIR3DL1 is the only known KIR with HLA-B specificity (8) . Thus, our studies specifically addressed the effects of HLA-B allele differences on the functional capacity of KIR3DL1 ϩ NK cells among 39 healthy, unrelated donors.
Phenotypic and genotypic analyses showed that 36 donors expressed detectable KIR3DL1 and 2 donors (nos. 44-06 and 46-05) did not have the gene for KIR3DL1 [ Table 1 and supporting information (SI) Table 2 ]. The remaining donor (no. 66-10) had the gene, but the receptor was not detected on the cell surface, suggesting that it was for a subtype reported to be retained intracellularly (23) .
To examine the potential effects of HLA-B polymorphisms on NK cell activation, the 36 KIR3DL1-expressing donors were divided into three groups based on their HLA genotypes: HLA-Bw4/4 homozygotes (n ϭ 11); HLA-Bw4/6 heterozygotes (n ϭ 12); and HLA-Bw6/6 homozygotes (n ϭ 13). Peripheral blood mononuclear cells (PBMC) were freshly isolated, incubated with MHC-deficient 721.221 tumor cells, and analyzed for IFN-␥ production as a measure of NK cell activation. In all Bw4/4 donors, the KIR3DL1 ϩ subset produced IFN-␥ to a greater degree than the KIR3DL1 Ϫ subset did ( Fig. 1a and data not shown), consistent with licensing through the interaction of KIR3DL1 and its ligand. In contrast, this difference in IFN-␥ production between KIR3DL1 ϩ and KIR3DL1 Ϫ subsets was not apparent in the Bw6/6 group. These measurable differences were also seen in killing assays (Fig. 1b) , again demonstrating that the KIR3DL1 ϩ subset was more responsive than the KIR3DL1 Ϫ subset when compared within a given individual homozygous for the Bw4 genotype but not the Bw6 genotype.
Comparison of the entire population of donors revealed a strong correlation between the HLA-B genotype and NK cell responses. Upon tumor stimulation, the responsiveness of KIR3DL1 ϩ NK cells was significantly different among the Bw4/4, Bw4/6, and Bw6/6 groups (H ϭ 12.91, P ϭ 0.002; Fig. 2 ). In the Bw4/4 group, there was robust production of IFN-␥ by the KIR3DL1 ϩ subset that was strikingly and significantly greater than that of the Bw4/6 group (U ϭ 22.0, P ϭ 0.007) and the Bw6/6 group (U ϭ 15.0, P ϭ 0.001). There appeared to be a slightly higher degree of responsiveness by the KIR3DL1 ϩ NK cells from the Bw4/6 group than by the same NK cell subset from the Bw6/6 group, but this was not statistically significant (U ϭ 56.0, P ϭ 0.247). Nevertheless, there did appear to be a gene dosage effect by Bw4 because there was a statistically significant trend when comparing the IFN-␥ by the KIR3DL1 ϩ NK cells across all three groups ( ϭ Ϫ0.471, P Ͻ 0.0001). In contrast to the KIR3DL1 ϩ subset, there was no significant difference in the responsiveness of the KIR3DL1 Ϫ subset among the three groups (H ϭ 3.24, P ϭ 0.198; Fig. 2 ). Taken together, these data indicate that the functional capacity of KIR3DL1 ϩ NK cells is primarily determined by HLA-B polymorphisms.
Because these results were collected from an aggregate of seven independent experiments, we retested 19 available subjects from the Bw4/4 and Bw6/6 groups to ensure that interexperimental variation was not responsible for the differences. This subsequent retesting of the 19 subjects was performed at least 6 months after the initial testing, and the results demonstrated that measurements of IFN-␥ productivity were unaffected by experimental variation (r ϭ 0.844, P Ͻ 0.0001; Fig. 3 and SI Fig. 5) . Again, the KIR3DL1 ϩ subset from the Bw4/4 group produced significantly more IFN-␥ than that of the Bw6/6 group (U ϭ 0.00, P Ͻ 0.0001; SI Fig. 5 ). These data confirm that the robust difference in the responsiveness of KIR3DL1 ϩ NK cells toward 721.221 targets is strongly associated with the presence of HLA-Bw4 alleles.
The 721.221 target cell is a well characterized MHC-deficient EBV-transformed human B cell line that is readily recognized and lysed by human NK cells. Although stimulation of primary human NK cells by this target occurs mainly through the activating receptor NKp46 and the coactivating receptors 2B4 and NTB-A (24, 25) , no consistent difference in these receptor expression levels was seen between the different HLA-B groups (data not shown). Furthermore, when examined within individuals, the KIR3DL1 Ϫ subset displayed a generally higher level of NKp46 expression compared with the KIR3DL1 ϩ NK cell subset, even though the former subset had a poorer response to 721.221 stimulation (data not shown). Thus, the enhanced responsiveness of the KIR3DL1 ϩ subset in the Bw4/4 group is not due to expression of these activating or coactivating receptors, suggesting that they are due to intrinsic differences downstream of these receptors.
Interestingly, the apparent licensing through KIR3DL1 did not universally affect NK cell responsiveness through all stimuli. With some donors, we were also able to examine NK cells stimulated by CD16 cross-linking, which is sufficient to stimulate freshly isolated NK cells to produce IFN-␥ (16, 26) . Unexpectedly, there was no significant difference in IFN-␥ production by the KIR3DL1 ϩ subset between Bw4/4 and Bw6/6 groups, unlike what was seen with tumor cell stimulation (U ϭ 24.5, P ϭ 0.470; Fig. 4) . Furthermore, there were no consistent differences between the KIR3DL1 ϩ and KIR3DL1 Ϫ subsets even when compared within a given Bw4/4 individual (P ϭ 0.477; Fig. 4) . These results contrast those from a recent study in which CD16 Individual results from a are shown as boxes representing the interquartile (25th to 75th percentile) group. The horizontal bar within the box represents the median value, and whiskers represent the range of values. For the KIR3DL1 ϩ subset (Left), statistically significant differences were seen between the Bw4/4 group and the Bw4/6 group (U ϭ 22.0, P ϭ 0.007) and between the Bw4/4 group and the Bw6/6 group (U ϭ 15.0, P ϭ 0.001). A statistically significant trend was observed across the three groups ( ϭ Ϫ0.471, P Ͻ 0.0001).
cross-linking was able to stimulate preferentially the KIR2DL1 ϩ and KIR2DL2/3 ϩ subsets in a small number of individuals having the cognate HLA-C ligands (16) . Whether this discrepancy is due to differences in receptors examined (KIR2DL1/2/3 vs. KIR3DL1) or experimental conditions (e.g., incubation time) may need to be explored. Although previous murine studies indicate that licensing affects NK cell responsiveness to various target cell-free stimuli, such as antiactivation receptor crosslinking (15, 27) , the results presented here suggest that there is a higher level of complexity in humans that needs to be explored further.
Discussion
To our knowledge, this is the first functional demonstration of how HLA polymorphisms can determine differences in innate immune cell responses between individuals. We have shown that interindividual differences in the response of KIR3DL1 ϩ NK cells to their targets can be determined by polymorphisms in HLA-B genes. Our data are consistent with a licensing effect of self-HLA on human NK cell functional maturation through inhibitory receptors for a given HLA because the cognate ligand for KIR3DL1 is HLA-Bw4. Surprisingly, this effect is robust despite the diversity of individual KIRs expressed by each NK cell and the overlapping subsets of NK cells based on KIR expression. Moreover, there are likely to be other genes that contribute to NK cell potency. For example, it remains formally possible that other KIR and HLA combinations contribute to the apparent licensing effect because the KIR genes are linked to each other, and the HLA alleles are similarly linked. Indeed, in a limited analysis, we found the KIR2DL2/3 ϩ KIR3DL1 ϩ double positive subset to be somewhat more responsive to tumor stimulation than the KIR2DL2/3 Ϫ KIR3DL1 ϩ NK cells (data not shown), suggesting that the KIR2DL2/3 receptors contribute to some degree, but minimally, to NK cell potency. Similarly, it is possible that other inhibitory receptors may contribute to these effects, such as CD94/NKG2A, or even receptors without HLA specificity such as NKRP1A. To determine the isolated contribution of individual KIR and HLA allele pairs to NK cell licensing, future studies will require much larger cohorts of donors. Nonetheless, our data support the general conclusion that KIR-HLA ligand combinations can produce a licensing effect, permitting the hypothesis that the combined effect of an individual's KIR and HLA alleles in licensing the total pool of NK cells will contribute to overall NK cell potency in that given individual and thus play a major role in determining the heterogeneity of NK cell function between humans.
Our findings that the KIR3DL1 ϩ subset of NK cells is more responsive in individuals with Bw4, as opposed to Bw6, alleles, is consistent with licensing through KIR3DL1 by HLA-Bw4. These findings markedly extend and add insights to previous studies on the relationship of KIR expression to human NK cell function (16) . Recently, one of our groups also described a hierarchy of NK cell responses as determined by inhibitory NK cell receptor repertoire and self-MHC (28). In both cases, selected individuals were studied in greater detail than shown here. Our studies reported here focused on determining the licensing effect of a single receptor-ligand interaction on NK cell responses among a larger panel of donors and between different individuals. There was no apparent difference in IFN-␥ production by KIR3DL1 ϩ NK cells between donors who are homo-or heterozygous for KIR3DL1 (data not shown), suggesting that there was no apparent gene dosage effect of KIR3DL1. Perhaps this result was not unexpected because there should be very few NK cells that express both alleles of KIR3DL1 in the KIR3DL1 Fig. 3 . Consistency of KIR3DL1 ϩ NK cell potency in HLA-Bw4 individuals. Nineteen of the original donors were retested at least 6 months after the initial set of assays for IFN-␥ production after tumor target stimulation. These donors were either Bw4/4 homozygotes (n ϭ 9) or Bw6/6 homozygotes (n ϭ 10). Both KIR3DL1 ϩ and KIR3DL1 Ϫ subsets are represented on the graph. Spearman's rank correlation coefficient was calculated to assess similarity between the first and second set of data. Raw data are available in SI Fig. 5 . homozygous donor population, if KIR3DL1 is expressed in a stochastic manner, as expected. However, our current studies indicate that there may be a gene dosage effect relating the number of copies of HLA-Bw4 genes with NK cell potency. In particular, the KIR3DL1 ϩ NK cell subset in the Bw4/4 homozygote group of individuals had a much greater degree of potency compared with that of either the Bw4/6 heterozygote or the Bw6/6 homozygote groups, suggesting that avidity between KIR3DL1 and HLA-Bw4 may be an important determinant of immune potency. Likewise, avidity factors may influence the contribution of each KIR-HLA receptor-ligand pair in terms of licensing effects.
The robust responsiveness of the KIR3DL1 ϩ subset in Bw4/4 homozygotes may be particularly relevant to recent clinical observations demonstrating that Bw4/4 homozygotes have a very strong protection against HIV infection compared with Bw4/6 heterozygotes or Bw6/6 homozygotes (29). Because HIV is known to down-modulate HLA-B through the virally encoded Nef protein (30) (releasing KIR3DL1 ϩ NK cells from inhibitory effects of HLA-B), the more potent KIR3DL1
ϩ NK cells in these Bw4/4 homozygote individuals may be providing stronger protection. In addition to possible avidity effects, there may also be influences by the differences in affinity between the many Bw4 alleles (Ͼ100) and the many KIR3DL1 subtypes (at least 10) (31, 32) . Consistent with this possibility, recent studies have shown that HIV patients with high-affinity KIR3DL1/HLA-Bw4 pairs had a significantly delayed progression to AIDS (12) . To examine these possible avidity and affinity effects on NK cell potency, future studies will, therefore, need to consider the KIR3DL1 subtype, as well as specification of HLA-Bw4 alleles, in functional analyses of a much greater number of samples. Nonetheless, our observations that differences in NK cell potency between individuals may be influenced by KIR and HLA genotypes suggest that licensing of NK cells may be an important factor in the control of HIV, as well as other virus-related diseases (9, 10) .
Therefore, further studies to assess relative contributions by other KIRs, as well as other ITIM-containing receptors, will be important to understand more completely how various KIR and HLA alleles affect NK cell potency. It is conceivable that certain KIR and HLA combinations contribute more to overall NK cell potency than other combinations. Our studies thus provide a novel approach to understand the effects of HLA alleles (and KIR alleles) on disease susceptibility and outcome.
Materials and Methods
Samples. Peripheral blood from 39 normal, healthy, unrelated volunteers was obtained with informed consent, approved by the Institutional Review Board at Washington University School of Medicine. PBMC were isolated by FicollHypaque density gradient centrifugation within 24 h of obtaining the blood in the first set of experiments (n ϭ 39) and within 12 h in the second set of experiments (n ϭ 19).
Cytokine Assay. For stimulation with tumor targets, PBMC (2 ϫ 10 6 cells) were mixed with MHC-deficient 721.221 target cells (1 ϫ 10 5 cells) in RPMI1640 complete medium containing 10% FCS. For stimulation through CD16, PBMC (5 ϫ 10 6 Ϸ1 ϫ 10 7 cells) were incubated with in six-well plates directly coated with 5 g/ml of anti-CD16 (3G8). Cells were incubated for 1 h at 37°C, and they were incubated for an additional 6 -7 h in the presence of the protein transport inhibitor brefeldin A. After stimulation, cells were first stained for cell surface markers by using anti-CD56, anti-KIR3DL1 (DX9), and anti-CD3, and then they were stained for intracellular IFN-␥ after fixation with 2% formaldehyde. To exclude T cells from the analysis, CD3 ϩ cells were gated out in all experiments, and CD19 ϩ cells were also gated out in the second set of experiments. Because of the technical and logistic limitations of human studies involving freshly isolated samples, the results are the aggregate of seven independent stimulation assay experiments in the first set of experiments. In the second set of experiments, the results are the aggregate of five independent experiments. Cytotoxicity Assay. KIR3DL1 ϩ CD56 ϩ CD3 Ϫ and KIR3DL1 Ϫ CD56 ϩ CD3 Ϫ NK cells were sorted from freshly isolated PBMC to a purity of Ͼ90% and were directly tested in standard 4 h 51 Cr-release assays against 721.221 target cells in 96-well V-bottom plates.
HLA and KIR Genotyping. HLA typing was performed by low-resolution PCRsequence-specific oligonucleotide typing for HLA-A, -B, and -C, followed by high-resolution sequence-specific oligonucleotide probe (SSOP) analysis. KIR genotyping was performed as described in ref. 33 .
Statistical Analysis. Nonparametric statistics were used because of the sample size and nonnormal distribution of data. In the tumor stimulation assays, KruskalWallis tests were used to compare the differences in IFN-␥ productivity across all three HLA-B groups, and Mann-Whitney U pairwise comparison posttests were used to assess differences between pairs of groups. A Bonferroni correction was applied to adjust the alpha level for multiple comparisons (␣ ϭ 0.017). Kendall's tau-b statistic was computed to evaluate trend across the three HLA groups. Spearman's rank correlation coefficient was calculated to assess similarity between test (first set of experiments) and retest (second set of experiments) subjects (n ϭ 19) in HLA-Bw4/4 and HLA-Bw6/6 homozygote groups. In the CD16 stimulation assays, differences in IFN-␥ productivity between HLA-Bw4/4 and HLA-Bw6/6 homozygote groups were analyzed by using Mann-Whitney tests, and differences in IFN-␥ productivity between paired (KIR3DL1 ϩ and KIR3DL1 Ϫ ) NK cells from the same donor were compared by using Wilcoxon signed rank tests. All tests were two-tailed tests with ␣ ϭ 0.05. SPSS 14.0 (SPSS Inc.) was used to conduct statistical tests and generate figures. All statistical analyses were conducted by the Clinical Outcomes Research Office, Department of Otolaryngology, Washington University School of Medicine.
